Introduction {#Sec1}
============

The movement of a virus from an infected cell to an adjacent cell through the plasmodesmata (PD) is an important step in establishing a systemic infection in a host^[@CR1],\ [@CR2]^. PD are plasma membrane (PM)-lined channels that traverse the cell walls between adjacent cells, gating the symplastic movement of transcription factors, mRNAs and siRNAs, as well as pathogenic intruders^[@CR3]^. Small molecules diffuse through PD, while larger objects, such as plant viruses, have to increase the size exclusion limit (SEL) of PD to traffic between cells^[@CR3]--[@CR5]^. Plant viruses have evolved different types of movement proteins (MPs) to modify PD gating properties to allow virus or viral nucleic acid movement^[@CR1],\ [@CR2],\ [@CR6]^. For example, members of the genus *Tobamovirus* encode a single 30-kD dedicated MP to transport viral genomes through the modified PD^[@CR7]--[@CR9]^. Members of the genus *Nepovirus* and the genus *Comovirus* encode MPs to form tubular structures that mediate virion cell-to-cell movement^[@CR10],\ [@CR11]^. Members of genus *Potexvirus*, genus *Hordeivirus* and genus *Pomovirus* possess a triple gene block encoding three MPs that act cooperatively to promote movement of the viral complex^[@CR2],\ [@CR12]--[@CR14]^. The MP remains unknown for the genus *Potyvirus* in the family *Potyviridae*, which consists of approximately 30% of known plant viruses.

The genomes of *Potyvirus* members consist of single-stranded, positive-sense RNAs of approximately 10,000 nucleotides that encode single large polyproteins which self-cleave to yield 10 mature proteins, which are: P1, helper component proteinase (HC-Pro), P3, 6K1, cylindrical inclusion (CI), 6K2, viral genome-linked protein (VPg), proteinase domain of NIa (NIa-Pro), nuclear inclusion protein b, and coat protein (CP)^[@CR15],\ [@CR16]^. Another protein, named P3N-PIPO, is a recently identified fusion protein containing the N-terminal regions of P3 and PIPO, embedded within the P3 cistron, but translated from an RNA template generated by transcriptional slippage with a +1 A insertion in the motif GAAAAAA^[@CR17]--[@CR19]^. Among these 11 proteins, CP, CI, HC-Pro, VPg, 6K2 and P3N-PIPO are involved in viral cell-to-cell movement^[@CR20]--[@CR25]^. Accumulating evidence suggests that P3N-PIPO functions as an MP in *Potyviridae* ^[@CR17],\ [@CR21],\ [@CR22],\ [@CR26]--[@CR28]^. For example, synonymous mutations in the P3 cistron that altered the *pipo* open reading frame (ORF) of *Wheat streak mosaic virus* disrupted the virus movement in plants^[@CR28]^. Accordingly, introducing premature stop codons within *pipo* or mutations in the conserved G~1--2~A~6--7~ motif without altering the P3 amino acid sequence in the *Soybean mosaic virus* (SMV) genome restricted viral cell-to-cell movement^[@CR27]^.

*Sugarcane mosaic virus* (SCMV; *Potyvirus* genus in the *Potyviridae* family) is a main pathogen causing severe mosaic disease, which results in yield loss, in sugarcane (*Saccharum* spp. hybrid), the most important sugar and energy crop worldwide^[@CR29],\ [@CR30]^. However, there is limited information on the mechanism of SCMV infection in sugarcane^[@CR31]^. Here, we present evidence that SCMV P3N-PIPO localizes preferentially to the PM compared with the PD. A series of truncated P3N-PIPO mutants were generated to map the regions responsible for subcellular localization and the regions responsible for interaction with the sugarcane PM-associated Ca^2+^-binding protein 1, ScPCaP1, isolated from sugarcane. The truncated P3N-PIPO with 63 amino acids deleted from the C-terminus of PIPO localized to PD, with some aggregates in the cytoplasm, independent of interactions with ScPCaP1. This truncated P3N-PIPO and the one with 29 amino acids deleted from the C-terminus of PIPO could move to neighbouring cells and recruited CIs to PM, like the wild-type SCMV P3N-PIPO.

Results {#Sec2}
=======

SCMV P3N-PIPO was preferentially localized to the PM compared with the PD {#Sec3}
-------------------------------------------------------------------------

The P3 cistron was cloned from SCMV by RT-PCR, and its sequence was deposited into GenBank (accession number KY379821). The motif GA~6~ was found in the P3 cistron. Fusion PCR was applied to obtain the *P3N-PIPO* coding sequence. *P3N-PIPO* is 708 nt in length, encoding a 235-amino acid peptide, which contains 153-amino acid P3N and 82-amino acid PIPO.

To determine the subcellular localization of SCMV P3N-PIPO, P3N-PIPO-green fluorescent protein (GFP) was expressed in *Nicotiana benthamiana* leaves by agroinfiltration. Leaves were infiltrated with aniline blue and imaged by confocal laser scanning microscopy^[@CR32]^. Fluorescence from P3N-PIPO-GFP overlaid fluorescence due to aniline blue, forming several punctate structures at the PD with abundant bright green fluorescence along the PM (Fig. [1A](#Fig1){ref-type="fig"}). The SCMV P3N-PIPO appears to preferentially localize to the PM. When SCMV P3N-PIPO was co-expressed in *N*. *benthamiana* leaf cells with the PM localization protein CPK9-mRFP^[@CR33]^, the green fluorescence of P3N-PIPO-GFP overlapped with the red fluorescence of CPK9-mRFP, indicating that SCMV P3N-PIPO localized to the PM (Fig. [1B](#Fig1){ref-type="fig"}). To further confirm the SCMV P3N-PIPO PM localization, P3N-PIPO-GFP was co-expressed with mCherry-HDEL, which is an endoplasmic reticulum marker protein, and was then subjected to plasmolysis treatment. The green fluorescence of P3N-PIPO-GFP remained on the PM and overlapped with the red fluorescence of mCherry-HDEL when the cytoplasm detached from the cell wall (Fig. [1C](#Fig1){ref-type="fig"}). The green fluorescence of P3N-PIPO-GFP was observed on Hechtian strands between the PM and cell wall (Fig. [1C](#Fig1){ref-type="fig"}). Thus, we concluded that SCMV P3N-PIPO was predominantly localized to the PM *in N*. *benthamiana*.Figure 1Subcellular localization of SCMV P3N-PIPO in *N*. *benthamiana* leaf epidermal cells. (**A**) Fluorescence of P3N-PIPO-GFP detected on PM by 48 h post agroinfiltration (hpa). Callose staining with aniline blue showing PD sites. Merged image showing that P3N-PIPO localizes to the PM and PD. White arrows point to PD. (**B**) Localization of P3N-PIPO-GFP in leaf cells expressing the PM marker CPK9-mRFP by 48 hpa. (**C**) Localization of P3N-PIPO-GFP in leaf cells expressing endoplasmic reticulum marker mCherry-HDEL under plasmolysis treatment. CW, cell wall. HS, Hechtian strands. PM, plasma membrane. Scale bars, 25 μm.

The 19-amino acid domain at the N-terminus of PIPO conditions SCMV P3N-PIPO localization to the PD {#Sec4}
--------------------------------------------------------------------------------------------------

The ambiguous subcellular localization of SCMV P3N-PIPO led us to identify the domain responsible for the PM or PD association. A series of truncated P3N-PIPO mutations were produced. The truncated P3N-PIPO fragments (P3N-PIPOT1, P3N-PIPOT2, P3N, PIPO, PIPOT1, PIPOT2 and PIPOT3), as illustrated in Fig. [2A](#Fig2){ref-type="fig"}, were fused with GFP. These constructs were transiently expressed in *N*. *benthamiana* leaves independently through agroinfiltration. The green fluorescence of GFP was observed by 48 h post agroinfiltration (hpa). Compared with the wild-type SCMV P3N-PIPO, the truncated P3N-PIPOT1 with 29 amino acids deleted at the C-terminus of P3N-PIPO, showed PM localization (Fig. [2B](#Fig2){ref-type="fig"}). However, the truncated P3N-PIPOT2 with 63 amino acids deleted at the C-terminus of P3N-PIPO showed punctate structures on the PM indicating its PD localization (Fig. [2B](#Fig2){ref-type="fig"}). To further confirm the PD localization of P3N-PIPOT2, we used aniline blue to stain the callose in the *N*. *benthamiana* epidermal cells^[@CR32]^. The green fluorescence of P3N-PIPOT2-GFP merged with the blue fluorescence of aniline (Fig. [2C](#Fig2){ref-type="fig"}). The PIPO's C-terminal 63 amino acid domains in P3N-PIPO appeared to contribute to PM localization because P3N alone showed no specific localization (Fig. [2B](#Fig2){ref-type="fig"}). However, PIPOT1 (the C-terminal 29 amino acid domain of PIPO) and PIPOT2 (the C-terminal 63 amino acid domain of PIPO) showed no specific subcellular localizations in the *N*. *benthamiana* epidermal cells (Fig. [2B](#Fig2){ref-type="fig"}), whereas PIPOT3 (the N-terminal 19 amino acid domain of PIPO) could localize to PD and aggregate in the cytoplasm (Fig. [2B,D](#Fig2){ref-type="fig"}). Interestingly, the full-length PIPO was localized not only to the PD but also to chloroplasts (Fig. [2B,E](#Fig2){ref-type="fig"}). Thus, we conclude that the 19-amino acid domain of the N-terminus of PIPO contributes to the localization of SCMV P3N-PIPO to the PD.Figure 2Subcellular localization of truncated variants of P3N-PIPO in *N*. *benthamiana* leaf epidermal cells. (**A**) Diagram representation of wild-type and truncated P3N-PIPO fragments. Red boxes represent P3N domains, yellow boxes represent the full-length and truncated PIPO domains of different lengths, and imaginary lines indicate the boundaries of different sections. (**B**) Transient expression of truncated P3N-PIPO fragments fused with GFP in *N*. *benthamiana* leaves. Image shows that P3N-PIPOT2-GFP formed punctate structures on the PM. (**C**) Localization of P3N-PIPOT2-GFP with PD marker aniline blue by 48 hpa. Arrows point to PD. (**D**) Localization of P3N-PIPOT3-GFP with PD marker aniline blue by 48 hpa. Arrows point to PD. (**E**) Co-localization of PIPO-GFP with chloroplasts by 48 hpa. Scale bars, 25 μm.

PM or PD targeting of SCMV P3N-PIPO requires the early secretory pathway and is independent of the actin cytoskeleton {#Sec5}
---------------------------------------------------------------------------------------------------------------------

Latrunculin B (Lat B) and Brefeldin A (BFA) interfere with cellular processes and have been used to investigate viral intracellular trafficking^[@CR21],\ [@CR26]^. Lat B is a chemical inhibitor of actin polymerization^[@CR34]^. BFA impairs the vesicular transport between the endoplasmic reticulum and Golgi^[@CR35]^. In this study, leaves of *N*. *benthamiana* were treated with Lat B and BFA independently and were observed by confocal microscopy. The localization of SCMV P3N-PIPO to the PM or the PD was independent of the actin cytoskeleton, while intracellular trafficking required the early secretory pathway (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). These findings are consistent with previous reports on the P3N-PIPO of *Turnip mosaic virus* (TuMV), *Tobacco etch virus* (TEV) and *Tobacco vein banding mosaic virus* (TVBMV)^[@CR21],\ [@CR26]^.

ScPCaP1 interacts with SCMV P3N-PIPO {#Sec6}
------------------------------------

PCaP1 was identified as a host factor playing key roles in TuMV and TVBMV infections in hosts through interactions with P3N-PIPO^[@CR22],\ [@CR26]^. The interactions between TuMV P3N-PIPO and *Arabidopsis thaliana* PCaP1 are determined by the PIPO domain, but not by the P3N domain^[@CR22]^. The interactions between TVBMV P3N-PIPO and NbDREPP, a homologue of AtPCaP1, are determined by a 17-amino acid domain of the C-terminus of PIPO^[@CR26]^. In this study, sugarcane *PCaP1* was cloned from the sugarcane cultivar *Badila* and designated *ScPCaP1* (GenBank accession number KY379820). The *ScPCaP1* ORF is 702 bp, encoding a 233-amino acid protein with a conserved N-terminus and an intrinsically disordered C-terminus.

To determine if ScPCaP1 interacts with SCMV P3N-PIPO, a split ubiquitin-based membrane yeast two-hybrid (Y2H) system (Clontech, Mountain View, CA, USA) was used according to the manufacturer's protocols. The prey vector pPR3-ScPCaP1 and the bait vectors pBT3-P3N-PIPO, pBT3-P3N-PIPOT1 and pBT3-P3N-PIPOT2 were pairwise co-transformed into the *Saccharomyces cerevisiae* strain *NMY51*. Synthetic dextrose (SD) double dropout (DDO), SD/−Trp/−Leu, agar plates and SD quadruple dropout (QDO), SD/−Trp/−Leu/−His/−Ade, agar plates were used for the yeast cultures. Like the yeast cells co-transformed with the positive control plasmids, the yeast cells co-transformed with pPR3-ScPCaP1 and pBT3-P3N-PIPO, pBT3-P3N-PIPOT1 or pBT3-P3N-PIPOT2 produced blue colonies on the DDO and QDO culture media supplemented with 5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal) (Fig. [3A](#Fig3){ref-type="fig"}). The plasmid pair pPR3-ScPCaP1 and pBT3-P3N-PIPOT2 and the negative control plasmids showed no interactions (Fig. [3A](#Fig3){ref-type="fig"}). The results demonstrated that ScPCaP1 interacts with P3N-PIPO and P3N-PIPOT1, but not with P3N-PIPOT2.Figure 3Analysis of the P3N-PIPO domain for binding to ScPCaP1. (**A**) Interactions between ScPCaP1 and wild-type or truncated P3N-PIPOs in yeast cells. Yeast strain *NMY51* co-transformed with the pPR3-ScPCaP1 prey vector in combination with the bait vector pBT3-P3N-PIPO, pBT3-P3N-PIPOT1, pBT3-P3N-PIPOT2, or an empty bait vector and were plated on non-selective medium (SD/−Leu/−Trp/+X-Gal) or a high-stringency selective medium (SD/−Leu/−Trp/−His/−Ade/+X-Gal). pTSU2-APP and pNubG-Fe65 were used as positive controls, while pPR3-N and pNubG-Fe65, and pPR3-ScPCaP1 and pBT3-STE were used as negative controls. (**B**) Bimolecular fluorescence complementation assay of P3N-PIPO, P3N-PIPOT1 and P3N-PIPOT2 with ScPCaP1 in *N*. *benthamiana* leaf cells. Full-length and truncated P3N-PIPO fragments were fused with YN, and ScPCaP1 was fused with YC. YN (empty vector) and ScPCaP1-YC were used as blank controls. The images were taken at 40 hpa. YN, N terminus of YFP; YC, C terminus of YFP. Scale bars, 25 μm.

To further confirm the interactions between ScPCaP1 and SCMV P3N-PIPO, and between ScPCaP1 and the truncated P3N-PIPOs, bimolecular fluorescence complementation (BiFC) assays were conducted in *N*. *benthamiana* leaves. SCMV P3N-PIPO, P3N-PIPOT1 and P3N-PIPOT2 were individually fused in frame to the N-terminal half of the yellow fluorescent protein (YFP) (YN) to generate P3N-PIPO-YN, P3N-PIPOT1-YN and P3N-PIPOT2-YN, respectively. ScPCaP1 was fused in frame to the C-terminal half of YFP (YC) to generate ScPCaP1-YC. The YFP-fusion constructs were co-transformed pairwise into *Agrobacterium tumefaciens* strain *EHA105*, then agroinfiltrated into *N*. *benthamiana* leaves. By 48 hpa, the yellow fluorescence of YFP was observed by confocal microscopy in leaf cells co-expressing ScPCaP1-YC and P3N-PIPO-YN or P3N-PIPOT1-YN (Fig. [3B](#Fig3){ref-type="fig"}). As expected, no yellow fluorescence was observed in the leaf cells co-expressing ScPCaP1-YC and P3N-PIPOT2-YN. ScPCaP1-YC and YN served independently as negative controls (Fig. [3B](#Fig3){ref-type="fig"}). Thus, the BiFC results confirmed that ScPCaP1 could interact with SCMV P3N-PIPO and P3N-PIPOT1, but not with P3N-PIPOT2, in *N*. *benthamiana* leaves. Thus, we concluded that ScPCaP1 interactions with SCMV P3N-PIPO are determined by the C-terminal 63-amino acid domain of PIPO.

SCMV P3N-PIPO recruits CI to PM {#Sec7}
-------------------------------

Functional P3N-PIPOs could recruit CI to the PD openings, where CIs form conical structures to facilitate the cell-to-cell movement of potyviruses, such as TuMV, TVBMV and TEV^[@CR21],\ [@CR25],\ [@CR26],\ [@CR36]--[@CR38]^. The biological functions of the truncated SCMV P3N-PIPOs were indicated by their localization to the PM or PD. Thus, we conducted transient expression assays to investigate if the wild-type P3N-PIPO or truncated P3N-PIPOs could recruit CI to the PM. SCMV CI was fused with GFP or cyan fluorescent protein (CFP), while SCMV P3N-PIPO and the truncated P3N-PIPOs (P3N-PIPOT1 and P3N-PIPOT2) were each fused with YFP. Then, CI-CFP was co-expressed in *N*. *benthamiana* leaves with P3N-PIPO-YFP, P3N-PIPOT1-YFP or P3N-PIPOT2-YFP. The agroinfiltrated leaves were sampled and subjected to confocal observations at 48 hpa. The green fluorescence of the expressed CI-GFP was distributed in the cytoplasm and nucleus when expressed alone (Fig. [4A](#Fig4){ref-type="fig"}). The cyan fluorescence of the expressed CI-CFP coincidently overlapped with the yellow fluorescence of the expressed P3N-PIPO-YFP, P3N-PIPOT1-YFP or P3N-PIPOT2-YFP (Fig. [4B](#Fig4){ref-type="fig"}). Thus, the wild-type P3N-PIPO and the truncated P3N-PIPOs (P3N-PIPOT1 and P3N-PIPOT2) could recruit CI to the PM.Figure 4Subcellular localization of SCMV CI in *N*. *benthamiana* leaf cells. (**A**) Localization of CI-GFP expressed alone in leaf cells by 48 hpa. (**B**) Localization of CI-CFP in leaf cells co-expressing P3N-PIPO-YFP, P3N-PIPOT1-YFP or P3N-PIPOT2-YFP. The images were taken by 48 hpa. Scale bars, 25 μm.

SCMV P3N-PIPO facilitates its own cell-to-cell movement {#Sec8}
-------------------------------------------------------

Many viral MPs, such as the putative MP, P3N-PIPO, of TuMV (*Potyvirus*), the MP of *Cauliflower mosaic virus* (*Caulimoviru*s), the 30-kD proteins of *Turnip vein clearing virus* (*Tobamovirus*) and *Tobacco mosaic virus* (*Tobamovirus*), and the MP of *Cabbage leaf curl virus* (*Begomoviruses*) can move to neighbouring cells by themselves^[@CR4],\ [@CR22],\ [@CR39],\ [@CR40]^. Therefore, we tested the ability of SCMV P3N-PIPO and the truncated P3N-PIPOs to move from cell to cell. *A*. *tumefaciens* cells independently harbouring the GFP, wild-type P3N-PIPO-GFP and the truncated P3N-PIPOs P3N-PIPOT1-GFP and P3N-PIPOT2-GFP were suspended in induction buffer and adjusted to an optical density at 600 nm (OD~600~) = 0.2. Then, the induction buffer was further diluted at a ratio of 1:5,000 to ensure that the initial transfection occurred in isolated foci of a single cell to allow the assessment of cell-to-cell movement. By 48 hpa, the *N*. *benthamiana* leaves agroinfiltrated with GFP showed no cell-to-cell movement (Fig. [5](#Fig5){ref-type="fig"}), while those containing P3N-PIPO-GFP, P3N-PIPOT1-GFP and P3N-PIPOT2-GFP showed green fluorescence in clusters of ≥2 epidermal cells (Fig. [5](#Fig5){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). Thus, like the wild-type P3N-PIPO, the truncated P3N-PIPOs could move into neighbouring cells.Figure 5Intercellular movement of wild type P3N-PIPO, P3N-PIPOT1 and P3N-PIPOT2 in *N*. *benthamiana* leaf cells by transient expression. Cell-to-cell movement of GFP, P3N-PIPO-GFP, P3N-PIPOT1-GFP or P3N-PIPOT2-GFP in leaf epidermal cells. Fluorescence of P3N-PIPO-GFP, P3N-PIPOT1-GFP and P3N-PIPOT2-GFP was observed in the initially infected cell and in 2 or more of the surrounding cells compared with GFP expressed alone. Scale bars, 50 μm. Table 1Cell-to-cell trafficking of P3N-PIPO, P3N-PIPOT1 and P3N-PIPOT2 in leaf epidermis of *N*. *benthamiana*.InjectionTotal clusters observedClusters with ≥2 cells observed% of total*P*-valueGFP53611.3%P3N-PIPO-GFP603456.7%\<0.001P3N-PIPOT1-GFP522038.5%\<0.001P3N-PIPOT2-GFP622845.2%\<0.001*P*-values were calculated using unpaired two-tailed Student t-test.

Discussion {#Sec9}
==========

P3N-PIPOs have been intensively studied in several potyviruses, such as TuMV^[@CR21],\ [@CR22]^, TEV^[@CR21]^, TVBMV^[@CR26]^ and SMV^[@CR41]^. The targeting of P3N-PIPOs of TuMV and TEV to the PD was confirmed by plasmolysis^[@CR21]^. Here, we cloned the coding sequence of P3 from SCMV and obtained SCMV P3N-PIPO by fusion PCR. Transient expression assays showed that SCMV P3N-PIPO localized preferentially to the PM compared with the PD (Fig. [1A,B](#Fig1){ref-type="fig"}), which was further confirmed by a plasmolysis assay (Fig. [1C](#Fig1){ref-type="fig"}). Thus, the subcellular localization of P3N-PIPO is virus-specific and host-dependent. To identify the domain contributing to PM localization, we generated truncated SCMV P3N-PIPOs. Like the wild-type P3N-PIPO, P3N-PIPOT1 localized to the PM, while P3N-PIPOT2 and PIPOT3 localized to the PD and the PM andalso aggregated in cytoplasm. This suggests that SCMV P3N-PIPO localization to the PD is mediated by the 19-amino acid region at the N-terminus of PIPO. P3N, PIPOT1 and PIPOT2 showed no distinct subcellular localizations. Thus, we speculate that P3N-PIPO localization to the PM is mediated by both P3N and PIPO, indicating that the conformation of P3N-PIPO may play a key role in localization to the PM.

Post-translation modifications, such as glycosylphosphatidylinositol (GPI)-anchoring^[@CR42]^, palmitoylation^[@CR43],\ [@CR44]^ and myristoylation^[@CR22],\ [@CR45]^, may also contribute to protein PM localization through membrane rafts. No putative GPI anchor, cleavage sites or myristoylation sites were found using PredGPI^[@CR46]^ and GPS-Lipid^[@CR47]^. However, one putative palmitoylation site, Cys180, in SCMV P3N-PIPO was predicted with a score of 4.517. Further investigation of *Potyvirus* members showed that most of their P3N-PIPOs possessed putative palmitoylation sites (Supplementary Table [S1](#MOESM1){ref-type="media"}). The lipid composition of membrane rafts is very similar to that of PD, and all of the PD localization proteins, display several putative palmitoylation sites^[@CR48]^. We speculated that the palmitoylation of wild-type P3N-PIPO and truncated P3N-PIPOs contributed to their localizations to membrane rafts. However, further experiments need to confirm this.

Latrunculin B (Lat B) and Brefeldin A (BFA) interfere with cellular processes and have been used to investigate viral intracellular trafficking^[@CR21],\ [@CR26]^. Lat B is a chemical inhibitor of actin polymerization^[@CR34]^. BFA impairs the vesicular transport between the endoplasmic reticulum and Golgi^[@CR35]^. In this study, leaves of *N*. *benthamiana* were treated with Lat B and BFA independently, and were observed by confocal microscopy. SCMV P3N-PIPO' localization to the PM or PD was independent of the actin cytoskeleton, while intracellular trafficking required the early secretory pathway (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). These findings are consistent with previous reports on the P3N-PIPO of TuMV, TEV and TVBMV^[@CR21],\ [@CR26]^.

Plant viruses cannot establish infections without interacting with the host factors^[@CR49]--[@CR51]^. AtPCaP1, a membrane raft-docking protein^[@CR45]^, was identified through an *A*. *thaliana* screening to mediate TuMV P3N-PIPO's localization to the PD by direct interaction, and a mutation of *AtPCaP1* dramatically decreased TuMV cell-to-cell movement^[@CR22]^. PIPO, but not P3N, determines the interaction between TuMV P3N-PIPO and AtPCaP1^[@CR22]^. NbDREPP also interacts with TVBMV P3N-PIPO, and the interaction was determined by the 17-amino acid domain on the C-terminus of PIPO^[@CR26]^. In the present study, we provide evidence that wild-type SCMV P3N-PIPO and P3N-PIPOT1, but not P3N-PIPOT2, interact with ScPCaP1. Thus, the 63-amino acid domain on the C-terminus of PIPO is responsible for SCMV P3N-PIPO's interaction with ScPCaP1.

BiFC assays showed that SCMV P3N-PIPO and P3N-PIPOT1 interact with ScPCaP1 on the PM in the epidermal cells of *N*. *benthamiana* (Fig. [3B](#Fig3){ref-type="fig"}), which is consistent with their PM localization when expressed alone (Fig. [2B](#Fig2){ref-type="fig"}). However, P3N-PIPOT2 could localize to the PD without interacting with ScPCaP1. Thus, we hypothesized that interactions with ScPCaP1 contribute to SCMV P3N-PIPO's localization to the PM, but do not determine SCMV P3N-PIPO's localization to the PD. This was indirectly confirmed by interfering with the actomyosin system using the Lat B treatment assay, in which the targeting of TVBMV P3N-PIPO to the PD was not impaired, but that of NbDREPP was impaired^[@CR26]^. Moreover, PCaP1 is not the only protein that interacts with P3N-PIPO. In total, 54 proteins, including glucan endo-1,3-β glucosidase (β-1,3-glucanase), identified from soybean (*Glycine max*) interact with SMV P3N-PIPO^[@CR41]^. The β-1,3-glucanase localizes to the PD through GPI^[@CR52],\ [@CR53]^. Thus, it is possible that P3N-PIPO localizes to the PD by interacting with β-1,3-glucanase or other unknown proteins that are localized to the PD. Additionally, the principle function of PCaP1 may be the regulation of Ca^2+^ concentrations to activate the β-1,3-glucanases' ability to degrade callose, thus dilating the PD to facilitate viral cell-to-cell movement^[@CR3]^.

CI recruitment to PD and cell-to-cell movement are the intrinsic capacities of potyviral P3N-PIPO^[@CR20]--[@CR22],\ [@CR26],\ [@CR38]^. Here, the truncated SCMV P3N-PIPOs, like the wild-type P3N-PIPO, recruited CI to the PM and maybe to the PD (Fig. [4B](#Fig4){ref-type="fig"}). Additionally, the truncated SCMV P3N-PIPOs could move through the PD into neighbouring cells (Fig. [5](#Fig5){ref-type="fig"}, Table [1](#Tab1){ref-type="table"}). This raises the possibility that the truncated P3N-PIPOs exist in nature. The viral genomes of *Potyvirus* members encode a polyprotein that is then hydrolysed into 10 functional proteins by P1, HC-Pro and NIa-Pro^[@CR54],\ [@CR55]^. Is it possible that the P3N-PIPO is subject to hydrolysis? Using an antibody of TuMV PIPO, a 17-kDa unknown protein was identified, which resembles the truncated P3N-PIPO^[@CR22]^. We believe that SCMV P3N-PIPO can be further hydrolysed. However, further experiments are needed to test this hypothesis.

The P3N-PIPOs of intra- and inter-members of the *Potyviridae* are rich in length polymorphisms^[@CR56]^. *Potyviridae* members could encode new proteins by polymerase slippage on the GAAAAAA motif^[@CR18],\ [@CR19],\ [@CR57],\ [@CR58]^. *Clover yellow vein virus* encodes a P3N-ALT at the +1 slippage and the ALT comprising only 7 amino acids. This P3N-ALT mediated the viral cell-to-cell movement without the presence of P3N-PIPOs encoded by −1 slippage^[@CR57]^. Thus, the selection pressure on P3N-PIPO is not strong. The length polymorphisms of P3N-PIPOs may increase the adaptive abilities of viruses to hosts. Logically, the high levels of P3N-PIPO length polymorphisms indicates the existence of truncated P3N-PIPOs.

In conclusion, we mapped the domain responsible for the localization of SCMV P3N-PIPO to the PM or the PD, which was independent of the actin cytoskeleton, but required the early secretory pathway. We also mapped the domain mediating the interaction with ScPCaP1. The interaction with ScPCaP1 contributes to, but does not determine, SCMV P3N-PIPO localization to the PM or PD.

Methods {#Sec10}
=======

Plant material and virus {#Sec11}
------------------------

The SCMV strain was provided by the Key Laboratory of Sugarcane Biology and Genetic Breeding, Ministry of Agriculture, Fujian Agriculture and Forestry University, Fuzhou, China and propagated in the sugarcane cultivar *Badila*. Sugarcane plant leaves with typical mosaic symptoms were put into liquid nitrogen immediately after sampling and transferred into a −80 °C freezer for RNA isolation. *N*. *benthamiana* seeds were germinated directly in soil, and plantlets were transferred into culture cups, one plant per cup, at the cotyledon stage. These plants were grown in a climate-controlled chamber with 70% relative humidity at 22 ± 0.5 °C. The photoperiod was 16-h light and 8-h dark under an illumination of 90 μmol/s/m^2^ generated by a fluorescent lamp.

RNA extraction and RT-PCR {#Sec12}
-------------------------

Leaf samples were ground to powder in liquid nitrogen. Then, 1 mL of TriPure Reagent (Roche, Basel, Switzerland) was added to 100 mg of leaf powder. Total RNA was extracted following the manufacturer's instructions. RNA concentration and quality were determined using the NanoDrop-2000 Spectrophotometer (Thermo Scientific, Wilmington, USA) and electrophoresis. The first strand of cDNA was synthesized from 1 μg of total RNA using a PrimeScript RT-PCR Kit (TaKaRa, Dalian, China) according to the manufacturer's protocol.

Gene Cloning {#Sec13}
------------

The coding sequence of SCMV CI was cloned by PCR. *ScPCaP1* was cloned by PCR with primers designed based on homologous sequences from sorghum (XP_002453713) and maize (NP_001150000). The SCMV *P3N-PIPO* was cloned by fusion PCR. The P3 cistron was cloned from SCMV using the specific primer pair P3-F/P3-R (Supplementary Table [S2](#MOESM1){ref-type="media"}). After being confirmed by sequencing, the PCR products were cloned into the vector pMD19-T to generate a template for the cloning of the P3N-PIPO coding sequence. Specific primer pairs were designed based on the P3 cistron to clone the P3N-PIPO coding sequence by fusion PCR (Supplementary Table [S2](#MOESM1){ref-type="media"}). Primer PIPO-F was designed based on the region containing the motif GA~6~ in which one adenine base was deliberately inserted. Primer P3N-R was reversely complementary to primer PIPO-F. With pMD19-T-P3 as the template, P3N-F/P3N-R was used to amplify *P3N*, and PIPO-F/PIPO-R was used to amplify *PIPO*. *P3N* and *PIPO* PCR products were recovered, purified by electrophoresis and separately concentrated to 400 ng/µL. Then, the two PCR products were mixed at the ratio of 1:1 to form the template for the amplification of *P3N-PIPO* using primer pairs P3N-F/PIPO-R. The *P3N-PIPO* PCR product was purified by agarose gel electrophoresis and recovered. Then, it was cloned into the pMD19-T vector (TaKaRa, Dalian, China) and verified by sequencing.

Plasmid construction {#Sec14}
--------------------

Gateway technology (Invitrogen, Shanghai, China) was used to generate the constructs for the BiFC and subcellular localization assay in this work. The full-length ORFs or coding sequences of SCMV P3N-PIPO, CI, ScPCaP1 and AtCPK9, as well as those of the truncated P3N-PIPOs, were individually cloned into the pMD19-T vector for preservation and propagation.

Gene sequences were independently recombined into the entry vector pDONR221 (Invitrogen) by the BP reaction, and then the insertions in the resulting pDONR clones were recombined into the destination vectors pEarleygate101, pEarleygate102 and pEarleygate103 and fused with a florescence protein by the LR reaction. *P3N-PIPO* was fused independently with *YFP* and *GFP* to generate P3N-PIPO-YFP and P3N-PIPO-GFP, respectively. *ScPCaP1* was fused independently with *YFP* and *CFP* to generate ScPCaP1-YFP and ScPCaP1-CFP, respectively. *CI* was fused with *CFP* to generate CI-CFP. *AtCPK9* (AT3G20410) was amplified and recombined into pDONR221 and then into the binary destination vector pGWB454, producing CPK9-mRFP.

To dissect the SCMV P3N-PIPO subcellular localization, a series of truncated P3N-PIPO mutations were generated. To identify the SCMV P3N-PIPO domain responsible for PD localization, the truncated *P3N-PIPO* fragments (*P3N*, *PIPO*, *P3N-PIPOT1*, *P3N-PIPOT2*, *PIPOT1*, *PIPOT2* and *PIPOT3*; see Fig. [2](#Fig2){ref-type="fig"}) were fused to the *GFP* at the N-terminus of the pEarleygate103 vector. To investigate the co-localization of the truncated P3N-PIPO mutants, P3N-PIPOT1 and P3N-PIPOT2 with CI, *P3N-PIPOT1* and *P3N-PIPOT2* were independently fused to the *YFP* at the N-terminus of the pEarleygate101 vector.

Binary vectors pEarleygate201-YN and pEarleygate202-YC were used to generate constructs for the BiFC assay^[@CR31],\ [@CR50]^. *ScPCaP1* was recombined into pEarleygate202-YC to generate ScPCaP1-YC. SCMV *P3N-PIPO* was recombined into pEarleygate202-YN to generate P3N-PIPO-YN. The truncated *P3N-PIPO*s mutants *P3N-PIPOT1* and *P3N-PIPOT2* were individually recombined into pEarleygate202-YN to generate P3N-PIPOT1-YN and P3N-PIPOT2-YN, respectively.

*Sfi*I digestion was used to generate constructs for the Y2H assay. *ScPCaP1* was cloned into pPR3-N to generate construct pPR3-ScPCaP1. *P3N-PIPO*, *P3N-PIPOT1* and *P3N-PIPOT2* were individually cloned into pBT3-STE to generate the constructs pBT3-P3N-PIPO, pBT3-P3N-PIPOT1 and pBT3-P3N-PIPOT2, respectively.

All of the above constructs were verified by sequencing, and all of the primers used in this work are listed in Supplementary Table [S2](#MOESM1){ref-type="media"}.

Protein interactions assessed by Y2H and BiFC {#Sec15}
---------------------------------------------

For the Y2H assay, the DUALmembrane system (Clontech, Mountain View, CA, USA) was used according to the manufacturer's protocols. Bait vector pBT3-STE and prey vector pPR3-N harbouring genes to be tested were co-transformed pairwise into the *S*. *cerevisiae NMY51* strain. DDO agar plates and QDO agar plates were used for the yeast cultures. Cells were spread on DDO plates and incubated at 30 °C for 3--5 days after transformation. Colonies grown on DDO plates were suspended in DDO liquid medium to an OD~600~ of 0.6. A 10× dilution series of 5 μL aliquots of co-transformed *NMY51* were spotted onto DDO and QDO agar plates supplemented with X-Gal to test the expression of the LacZ marker. Plates were incubated at 30 °C for 3--5 days. pTSU2-APP and pNubG-Fe65 interact in the Y2H assay and were used as positive controls. pPR3-N and pNubG-Fe65, and pPR3-ScPCaP1 and pBT3-STE, do not form complexes and were used as negative controls.

For the BiFC assays, two fusion constructs were co-agroinfiltrated into *N*. *benthamiana* leaves using needleless syringes. The agroinfiltrated plants were maintained under normal growth conditions for 48 to 72 h.

Transient expression {#Sec16}
--------------------

The plasmids were transformed into *A*. *tumefaciens* strain *EHA105*. The transformed strain was infiltrated into the leaves of *N*. *benthamiana* using a needleless syringe. Binary vectors were transformed into *A*. *tumefaciens EHA105*. For agroinfiltration, agrobacteria were grown overnight in Luria--Bertani containing the appropriate antibiotics. The agrobacteria were collected by centrifugation and then resuspended in 10 mM MgCl~2~ containing 100 mM acetosyringone. After incubating for a minimum of 2 h at room temperature, the culture was diluted to an OD~600~ of 0.2. *N*. *benthamiana* plants were agroinfiltrated with appropriate agrobacterial cultures, and the agroinfiltrated plants were maintained under normal growth conditions for 12 to 72 h. For plasmolysis, plant tissue was infiltrated with 30% glycerol and viewed immediately. For callose staining, leaves were pressure infiltrated with a 2:3 v/v mixture of 0.1% aniline blue (Fluka) and 1 M glycerol at pH 9.5 for 15 min^[@CR32]^. All of the experiments were repeated three times, and at least nine plants were used for each treatment.

Drug treatments {#Sec17}
---------------

Lat B and BFA treatments were performed to investigate protein intracellular trafficking, as described previously^[@CR26],\ [@CR59]^. SCMV P3N-PIPO-GFP was agroinfiltrated in the *N*. *benthamiana* epidermal cells. For Lat B treatment, 5 mM Lat B in 0.1% (v/v) DMSO was infiltrated in the leaves at 40 hpa. Then, the leaves were examined with confocal microscope after 12 h. For BFA treatment, the agroinfiltrated *N*. *benthamiana* leaves were infiltrated with 50 µg/mL BFA in 0.1% (v/v) DMSO at 48 hpa. Then, the leaves were examined with confocal microscope after 3 h. Agroinfiltrated leaves infiltrated with 0.1% (v/v) DMSO were used as controls.

Confocal microscopy {#Sec18}
-------------------

Agroinfiltrated leaf sections were imaged at room temperature using a Leica SP8 X inverted confocal microscope with an Argon laser (Leica, Wetzlar, Germany). GFP was excited at 488 nm, and the emitted light was captured at 505--555 nm. Chlorophyll autofluorescence was excited at 552 nm, and the emitted light was captured at 650--680 nm. CFP was excited at 442 nm, and the emitted light was captured at 450--500 nm. mCherry and mRFP were excited at 552 nm, and the emitted light was captured at 590--630 nm. YFP was excited at 514 nm, and the emitted light was captured at 530--590 nm. Aniline blue was excited as 405 nm, and the emitted light was captured at 460--500 nm. Images were captured digitally and processed using the Leica Application Suite Advanced Fluorescence Lite (LAS AF version: 2.6.3 build 8173). Generally, 50 to 80 cells were examined for each experiment.

Bioinformatics analysis {#Sec19}
-----------------------

Protein post-translation modifications, such as GPI anchor and cleavage sites, and myristoylation and palmitoylation sites, were predicted using the online software PredGPI (<http://gpcr.biocomp.unibo.it/predgpi/pred.htm>) and GPS-Lipid (<http://lipid.biocuckoo.org/webserver.php>), respectively^[@CR46],\ [@CR47]^.
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